The BRCA2 tumour suppressor protein is involved in maintaining genetic stability through its role in homologous recombination (HR), where it mediates RAD51-dependent strand invasion. Here, we show that BRCA2-defective cells are not completely impaired in HR by strand invasion although the spontaneous HR rate is 10-fold lower than that in wild-type cells. Furthermore, a DNA double-strand break (DSB) triggers HR repair by strand invasion also in BRCA2-defective cells, but less efficiently. Thus, either the strand invasion pathway(s) in which BRCA2 operates is still operative in the absence of a functional BRCA2, albeit at a reduced frequency, or there is a separate pathway for strand invasion still functional in BRCA2-deficient cells. Consistent with the latter hypothesis, we show that HR events occurring in BRCA2-defective cells differ from HR events in wild-type cells. These data suggest that BRCA2-defective hamster cells are impaired in short tract gene conversion but maintain proficiency in sister chromatid exchange.
An inherited defect in the BRCA2 allele commonly causes familial breast or ovarian cancer. The BRCA2 protein has been implicated to play an important role in homologous recombination (HR) and it is generally believed that the HR defect explains the tumour suppressor activity of this protein (Venkitaraman, 2002) . HR repair of a DNA double-strand break (DSB), using strand invasion, is reduced in BRCA2-deficient cells (Moynahan et al., 2001; Xia et al., 2001) . However, BRCA2-deficient cells maintain proficiency in DSB repair by using nonhomologous end joining (Xia et al., 2001) or single-strand annealing (SSA) (Tutt et al., 2001; Larminat et al., 2002) , which results in error prone repair of DSBs. It has been suggested that this aberrant repair causes rearrangements found in BRCA2-defective cells (Tutt et al., 2001) .
The RAD51 protein is central for the strand invasion step in HR (Baumann et al., 1996) and it binds to a cluster of BRC repeats on the BRCA2 protein (Mizuta et al., 1997; Wong et al., 1997; Chen et al., 1998; Marmorstein et al., 1998) . The BRCA2 protein facilitates RAD51 loading and protein-DNA filament formation (Pellegrini et al., 2002; Shin et al., 2003) . Furthermore, translocation of the RAD51 protein to the nucleus is dependent on BRCA2 (Davies et al., 2001) , and RAD51 foci fail to form in response to DNA damage in BRCA2-defective cells (Kraakman-van der Zwet et al., 2002) . However, it has been shown that some RAD51 foci form independent of a functional BRCA2 protein during the S phase of the cell cycle, although damage-induced RAD51 foci fail to form in the same BRCA2-deficient cells (Tarsounas et al., 2003) . From these data it has been suggested that there may be two ways to form RAD51 foci, dependent or independent of a functional BRCA2 protein. In addition, it suggests that BRCA2-deficient cells maintain proficiency in HR through RAD51-dependent strand invasion, which may be mediated by the presence of a truncated form of the BRCA2 protein. Here, we show that BRCA2-deficient cells maintain the ability to perform HR by strand invasion, but at a reduced rate. We further show that gene conversion, but not SCE, is suppressed in BRCA2-deficient cells.
HR induced in BRCA2-defective cells
It is well established that BRCA2-deficient cells have a defect in error-free strand invasion by HR, but retain proficiency in SSA (Tutt et al., 2001; Larminat et al., 2002) . Here, we used the SCneo substrate that detects HR resulting from strand invasion only (Johnson et al., 1999; Johnson and Jasin, 2000) ; SSA repair in the SCneo results in a nonfunctional neo R gene, which is not selected for (Figure 1b) .
We stably transfected the SCneo vector by electroporation into the BRCA2-deficient V-C8 cell line (Kraakman-van der Zwet et al., 2002) and isolated independent hygromycin-resistant clones that were further expanded using methods previously described (Schultz et al., 2003) . DNA was isolated from these clones to allow analysis of the integration of SCneo by Southern blotting. We found that most hygromycinresistant clones contained only one copy of the SCneo substrate integrated at different positions into the genome (Figure 1c) .
A DSB can be specifically induced in the SCneo substrate to trigger HR by transient expression of the I-SceI restriction endonuclease from the pCMV3xnlsI-SceI vector. The I-SceI restriction endonuclease recognizes an 18 bp long restriction site present in the S2neo gene and likely not elsewhere in the genome (Figure 1a ) (Johnson et al., 1999 ). An I-SceI-induced DSB induces HR in wild-type V79 Chinese hamster cells (Figure 2a ) (Schultz et al., 2003) . In contrast, the frequency of ISceI-induced neo R clones is lower in the BRCA2-deficient V-C8 cell line, which is also derived from the V79 Chinese hamster cell line (Kraakman-van der Zwet et al., 2002) . This is in agreement with previous results showing that BRCA2-defective cells have a defect in HR using strand invasion (Moynahan et al., 2001; Tutt et al., 2001; Xia et al., 2001; Kraakman-van der Zwet et al., 2002; Larminat et al., 2002) . We found no neo R colonies produced in V-C8 cells without transient transfection with the pCMV3xnlsI-SceI vector (Figure 2a ), suggesting that spontaneous HR is low in BRCA2-deficient cells. In contrast, we found neo R recombinants in all of the pCMV3xnlsI-SceI-transfected V-C8 cells. This shows that a DSB still triggers HR using strand invasion in BRCA2-deficient cells.
Since no neo R colonies were produced without DSB induction in any of the independently isolated V-C8 clones continaing SCneo, it appears that the spontaneous HR levels are lower in BRCA2-deficient cells. To get an estimate of how much more reduced HR rates are in BRCA2-deficient cells, we used a fluctuation assay to determine the recombination rate in wild-type S8SN.11 cells and BRCA2-deficient V-C8SN.11 cells. We found that the recombination rate is 12 times lower in BRCA2-deficient hamster cells (Figure 2b ), in agreement with R recombinant clones (as previously described (Schultz et al., 2003) ). SCE or long tract gene conversion (LTGC) restore a neo R gene within a 7.7-kb band visualized by Southern analysis of HindIII/SacI-cleaved DNA isolated from G418 R recombinant clones. BRCA2-defective cells maintain proficiency in single-strand annealing (SSA) (Larminat et al., 2002) , which does not produce a functional neo R gene in the SCneo substrate. Thus, only HR by strand invasion is studied. (c) Genomic DNA was isolated and digested from the hyg R V-C8SN.11 cell line and analysed by Southern blot, using S2neo as probe as described elsewhere (Schultz et al., 2003) . The presence of a single band in HindIII and HindIII/SacI-cleaved DNA confirm the integration of a single copy of the SCneo substrate into the V-C8 genome. Digestion with StuI and/or HindIII and/or NcoI confirms the preserved internal structure of the SCneo recombination reporter in V-C8 cells. Cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, penicillin (60 mg/ml), streptomycin (100 mg/ml; DMEM) at 371C under an atmosphere containing 5% CO 2 . The medium was supplemented with hygromycin (0.05 mM) in order to maintain the SCneo vector Strand invasion in BRCA2-deficient cells N Saleh-Gohari and T Helleday the hypothesis that the BRCA2-defective cells have a general defect in HR, which may account for the increased level of rearrangements spontaneously found in BRCA2-defective cells Yu et al., 2000) .
Suppressed short tract gene conversion (STGC), but not SCE in BRCA2-defective cells
Our results show that BRCA2-defective cells have an overall lower level of HR. Both the spontaneous and DSB-induced HR levels are reduced between 10-and 100-fold. This could be due to a lower efficiency of the same HR pathway in the absence of a functional BRCA2 protein, with some other proteins compensating for the loss of BRCA2 to some extent. Alternatively, the lower level of HR may reflect a different HR pathway for strand invasion, which could still be mediated by a truncated form of the BRCA2 protein. To test this, we examined the recombinants occurring in V-C8SN.11 cells and compared them with those occurring in the wild-type S8SN.11 cell line.
It has been reported that HR repair using STGC is the most common HR repair pathway in the repair of a DSB in the SCneo substrate (Johnson and Jasin, 2000) . This product can be identified in the DNA of neo R recombinants by the presence of a functional neo R gene flanked with one nonfunctional neo R gene, producing a short fragment on Southern blot (Figure 1b) . Less common products are long tract gene conversion (LTGC) or sister chromatid exchange (SCE) (Johnson and Jasin, 2000) . In this case, the functional neo R gene is flanked by two nonfunctional neo R genes, which will produce a longer DNA fragment on a Southern blot (Figure 1b) . We isolated 34 and 23 I-SceI-induced neo R recombinants from the S8SN.11 and V-C8SN.11 cell lines, respectively, and determined the presence of the STGC and SCE/LTGC products by Southern blot (Figure 3a) . We found that the I-SceI-induced recombinants produced a majority of STGC events in S8SN.11 cells (Figure 3b ), this is in agreement with previous results (Johnson and Jasin, 2000) . In contrast, we found that the majority of neo R I-SceI-induced recombinants isolated from the V-C8SN.11 cell line were formed by SCE/LTGC events (Figure 3b ). The spectrum of recombinants differed between wild-type and BRCA2-defective cells (statistically significant in w 2 test Po0.001), which suggest that HR in BRCA2-defective cells occurs through a different pathway rather than through the same but less-efficient pathway.
Some of the DSB-induced G418 R clones showed the presence of both STGC and SCE/LTGC in the Southern analysis. This may be due to the induction of a DSB in the SCneo reporter on both copies of the sister chromatids by I-SceI, which are subsequently repaired by different pathways (see Johnson and Jasin (2000) for a more detailed analysis of double clones).
We next isolated spontaneously occurring neo R V-C8SN.11 clones from the fluctuation assay to determine whether the same recombination pathway is used in both DSB-induced and spontaneously arising recombinants in BRCA2-defective cells. Owing to the low recombination rate in the V-C8 cell lines, only 16 independent neo R clones were isolated. We found a majority of SCE/LTGC events as a result following spontaneous HR in BRCA2-defective cells, this is the same recombination pathway used following the DSB-induced Figure 2 Inefficient HR repair of a DSB in BRCA2-defective cells. (a) The recombination frequencies in SCneo were determined in wild-type (S8SN) and BRCA2-deficient (V-C8SN) V79 Chinese hamster cell lines following induction of a DSB. In the recombination assay, 1.5 Â 10 6 cells were grown over night before a transient transfection for 5 h with the pCMV3xnlsI-SceI (1 mg) vector using lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Cells were grown over night, trypsinized and reseeded for cloning (two plates with 500 cells/plate) and selection in G418 (1 mg/ml; 25 cells/mm 2 ). (b) The spontaneous recombination rate was determined by a fluctuation assay in S8SN.11 and V-C8SN.11 cells. In total, 10 3 cells were plated in each well of a 24-well plate and grown to near confluency before being trypsinized, counted and reseeded for selection in G418 (1 mg/ml; 25 cells/mm 2 ). The recombination rate was calculated as the natural log of the fraction of wells without recombinants divided by the number of cell divisions. The means (columns) and standard deviations (error bars) of three to five experiments are shown Strand invasion in BRCA2-deficient cells N Saleh-Gohari and T Helleday recombination in BRCA2-deficient cells. Thus, it appears that HR in BRCA2-deficient cells uses a pathway that more frequently results in SCE or LTGC. We calculated the number of recombination events triggered by a DSB in wild-type and BRCA2-deficient cells. We found that only 2.2 fewer SCE/LTGC are triggered during repair of a DSB in BRCA2-deficient cells (Figure 3c ). In contrast, B330 fewer STGC events are triggered in BRCA2-deficient cells, suggesting that gene conversion is highly impaired in these cells (Figure 3c ). Thus, we suggest that the recombination events identified in V-C8 cells result following an exchange rather than a gene conversion event. Furthermore, these results suggest that the full-length BRCA2 protein has a more important role in catalysing gene conversion than in exchange events. These results are in agreement with V-C8 cells having normal levels of SCE (Kraakman-van der Zwet et al., 2002) , but reduced levels of DSB-induced gene conversion (Larminat et al., 2002) . They are also in agreement with the results of Tutt et al. (2001) who found that gene conversion was significantly reduced in BRCA2-deficient cells, while levels of SCE were only slightly reduced.
Previously, it has been reported that RAD51 foci are formed in BRCA2-deficient cells in the S phase of the cell cycle (Tarsounas et al., 2003) , suggesting that these cells may still repair DSBs at replication forks. It has also been shown that DSBs induced at replication forks preferentially trigger SCE rather than gene conversion (Arnaudeau et al., 2001; Saleh-Gohari and Helleday, unpublished) . In absence of RAD51-dependent strand invasion, vertebrate cells accumulate DSBs and die following replication (Sonoda et al., 1998) . As certain BRCA2-deficient cells exist, they need to be able to repair DSBs spontaneously occurring at replication forks presumably through SCE. It has been shown that BRCA2-null mice show a lethal phenotype (Suzuki et al., 1997) . However, under certain conditions, mice expressing a truncated BRCA2 protein survive (Connor et al., 1997; Friedman et al., 1998) . We suggest that a truncated form of BRCA2 mediates the proficiency in SCE in BRCA2-deficient cells, which is essential for the survival of these cells.
In normal cells, crossover events are highly suppressed in order to minimize the amount of translocation and chromosomal aberrations (Richardson et al., 1998; Richardson and Jasin, 2000) . However, BRCA2-defective cells exhibit increased levels of translocations and chromosomal aberrations Tutt et al., 1999) . We suggest that the loss of efficient gene conversion in BRCA2-defective cells results in aberrant repair using an exchange event that causes translocations and chromosomal aberrations.
In conclusion, we show that BRCA2-deficient cells are not completely defective in HR and that a DSB can still infrequently induce strand invasion. Furthermore, we show a different spectrum of recombinants obtained in BRCA2-defective cells, as compared to wild-type cells. This is likely to reflect their proficieny in SCE, but impairment in gene conversion. These results are important to understand the recombination processes causing gene rearrangements in BRCA2-defective tumours.
